Gallium is widely used in electronic industry and its current price is about 500 US dollars pro kilogram. It has been found that its contents are very high in Permo-Carboniferous coal of China. In order to look for valuable associated gallium deposits in coal, gallium contents of 177 coal samples were determined by using inductively coupled plasma-mass spectrometry (ICP-MS) and the data of 873 coal samples from Chinese Permo-Carboniferous coalfields were collected. The results show that the average gallium concentration of Chinese Permo-Carboniferous coals is 15.49µg·g -1 . There are two concentration types of gallium in Chinese Permo-Carboniferous coals: One type is that gallium has enriched to an ore deposit, and another type is that gallium is locally enriched in coal seams, but has not formed a valuable associated gallium ore deposit. The gallium concentration in Chinese Permo-Carboniferous coal may have several different sources: concentration in sedimentation stage, magmatic hydrothermal inputs and low-temperature hydrothermal fluids.
INTRODUCTION
Gallium is a shortage resource in the international market because it is a kind of dispersed elements and difficult to form ore deposits (Tu et al., 2004) . Undependent gallium ore deposits have not been reported. Gallium is often obtained as a byproduct out of electrolytic aluminium from alumyte. Gallium is one of the valuable associated elements in coal. From the 1950s to the 1980s, some researchers in the departments of coal industry and mineral resources of China investigated gallium in coal during geological explorations (Liu, 1982; Ren, 1981, 1982) . The enrichment mechanism and the environmental influence of trace elements in coal have been studied in recent twenty years (Fang and Gesser, 1994; Huang et al., 2000; Kong et al., 2002; Qin et al., 2008; Liu et al., 2001; Sun, 1992; Wang and Ren, 1994; Xu, 1991) .
The industrial grade of Ga in coal is 30 µg·g -1 . According to the previous researches (Tang and Huang, 2004; Dai et al., 2006a, b; Finkelman, 1993; Swine, 1990; Speras and Zheng, 1999; Plamer et al., 2004) , the concentration of Ga in coal is generally less than 20 µg·g -1 , with an average of 5-10 µg·g -1 . Ren et al., (2006) estimated that the arithmetic mean value of Ga in Chinese coals is as high as 6.64 µg·g -1 based on the data from 1986 coal samples. Based on the study of 2428 coal samples, some researchers (Huang and Zhao, 2002; Zhuang et al., 1999) estimated the average Ga concentration of Chinese coals is 9.00 µg·g -1 . Ren et al., (2006) reported that the gallium concentration of Permo-Carboniferous coals in China reaches 9.88 µg·g -1 and is higher than that of coal from any other geological periods.
In recent years, gallium as associated ore deposits was found in several Chinese Permo-Carboniferous coalfields (Li, 1991; Zhuang et al., 1998; Dai et al., 2006a Dai et al., , 2006b . In some of these coalfields, gallium distributes widely enough to reach the ore-forming scale and has commercial values. A superlarge gallium ore deposit in Jungar, Inner Mongolia has been reported (Dai et al., 2006a (Dai et al., , 2006b . In other cases, Ga concentrations of some coals are much higher than the industrial grade but Ga locally enriched in these coal seams in many Permo-Carboniferous coalfields (Zhou and Ren,1981; Li, 1991; Song, 2003) , and it has not formed a valuable associated gallium ore deposit. In this study, gallium contents of 177 coal samples were determined by ICP-MS and the data of 873 Coal Samples from Chinese Permo-Carboniferous coalfields were collected. The purpose of the present paper is to investigate the origin of gallium, concentration mechanism and formation modes in Permo-Carboniferous coals in China. (Fig. 1) . All of them were taken as channel samples (approximately 20-cm across and 10-cm deep), and were taken from mined areas, excluding dirt partings thicker than 1 cm. All samples were collected and stored in plastic bags to ensure as little contamination and oxidation as possible (Sun and Horsfield, 2005) . The collection of samples was in accordance with the Chinese Standard for Collecting Channel Samples GB482-1995(GB).
SAMPLING AND EXPERIMENTAL METHODS
Gallium contents were determined by ICP-MS (Finnigan MAT, HR-ICP-MS, Element I) in the laboratory of Beijing Research Institute of Uranium Geology. The signal collection of HR ICP-MS lasted 25 s, and the scanned mass ranges were set at 90-120 and 175-200 amu to cover the target elements (Zhao and Sun, 2008) . Ren et al., (2006) reported that the gallium concentration of Permo-Carboniferous coals in China is 9.88 µg·g -1 based on the average content of 1036 coal samples. A study by Tang and Huang (2004) showed that the average content of Ga in Chinese coals is 9.00 µg·g -1 . Swaine (1990) estimated that Ga concentration in most coal samples of the world is from 1 µg·g -1 to 20 µg·g -1 , with an average of 5 µg·g -1 . Based on the determination of 7565 coal samples, Finkelman (1993) estimated that the arithmetic mean value of Ga concentration in the coals from USA is 5.7 µg·g -1 , with a maximum value of 45 µg·g -1 . The arithmetic mean values of Ga content in the main coalfields from UK and Turkey are 3.42 µg·g -1 (the maximum value 7.5 µg·g -1 ) and 5.8µg·g -1 (varying from 0.85 µg·g -1 to 20 µg·g -1 ), respectively (Speras and Zheng, 1999; Plamer et al., 2004) . According to the analyses of 177 coal samples in this study, Ga concentration varies from 0.00 to 57.79 µg·g -1 (Table 1) , and the average content is 15.49 µg·g -1 . This value (15.49 µg·g -1 ) is higher than that reported by Ren et al., (2006) , and also much higher than those data of most coal samples throughout the world. 
RESULTS AND DISCUSSION

Average gallium content of Permo-Carboniferous coals in China
Distribution of gallium in Chinese Permo-Carboniferous coals
Based on the experimental results of this study and the reported data from many researches (Zhou and Ren, 1981; Li, 1991; Zhuang et al., 1998; Dai et al., 2006a Dai et al., , 2006b Song, 2003) , the conclusion that there are two kinds of distributions of gallium in Chinese Permo-Carboniferous coals can be proposed. One type is that gallium distributes widely enough to reach the ore-forming scale and has commercial values, which is called coal-associated Ga deposit. The other type is that the Ga concentrations of some coal samples reach the industrial grade (30 µg·g -1 ), but gallium locally enriches in these coal seams and has not formed a gallium ore deposit, which has no commercial value.
Coal-associated Ga deposit
This kind of distribution of gallium in coals is extremely rare. Until now only one coalassociated Ga deposit has been reported in China (Dai et al., 2006a (Dai et al., , 2006b ). In Jungar Coalfield, gallium is associated with Coal Seam 6 that occurs at the uppermost Taiyuan Formation, Upper Carboniferous. The gallium concentration is as high as 44.8 µg·g -1 in the whole coal-channel sample, and varies from 30.1 µg·g -1 to 76.0 µg·g -1 (mean 51.9 µg·g -1 ) in the main minable benches. Dai et al. (2006a Dai et al. ( , 2006b ) also estimated the ensured and prospected reserves of Ga in Coal Seam 6, which are up to 6.3×10 4 t and 8.57×10 5 t, respectively. In this study, we have found another coal-associated Ga deposit in the Xingtai Coalfield, which is located in Hebei Province, North China. The coal-bearing strata are the Taiyuan Formation of Carboniferous and the Shanxi Formation of Permian. The Coal Seam 5 occurs at Taiyuan Formation, Upper Carboniferous (Han and Yang, 1980; Han, 1996) . In the present study, nine bench samples of Coal Seam 5 (about 1.8 m) of the Taiyuan Formation were taken from the entire seam profile in the Gequan Mine (Table 2) . Their Ga concentration varies from 3.81 µg·g -1 to 46.43 µg·g -1 and the mean value is 21.18 µg·g -1 . The samples can be divided into two parts. In the upper part, including samples GQ5-1, GQ5-2, GQ5-3 and GQ5-4, gallium concentrations are lower than the industrial grade. In the lower part, including GQ5-5, GQ5-6, GQ5-7, GQ5-8 and GQ5-9, gallium concentrations are higher than the industrial grade. The arithmetic mean values of Ga concentration is 4.47 µg·g -1 in the samples from the upper part, and is 37.89 µg·g -1 in the samples from the lower part. This value is higher than the industrial mining grade (30.00 µg·g -1 ). We have also analysed several samples from two profiles of the same seam in Gequan Mine, and their Ga concentrations are higher than 30.00 µg·g -1 . On the basis of the data obtained from the Jizhong Energy Group Co., Ltd, the ensured reserves of Coal Seam 5 from the Gequan Mine amount to 1.45×10 7 t. Thus, the ensured resources of Ga can be calculated to be 305t. According to the Chinese4 standard, it belongs to a middle scale associated gallium deposit. 
Ga locally enriched samples
Gallium locally enriched samples in coal seams are widely distributed in Chinese Permo-Carboniferous Coalfields. 134 samples whose gallium contents are higher than 30 µg·g -1 (Zhou and Ren, 1981; Li, 1991; Yuan, 1999; Dai, 2006a Dai, , 2006a Song, 2003) , were collected (Table 3) . These samples distribute in Xingtai Coalfield, Pingshuo Coalfield and Daqingshan Coalfield, etc. (Table 3) . Their maximum Ga contents reach 57.89 µg·g -1 , 90.8 2µg·g -1 and 38.88 µg·g -1 , respectively. Actually, samples with higher Ga content more than 30 µg·g -1 can be observed in almost every coalfields including Permo-Carboniferous coal seams. However, only two coalassociated Ga deposits were found as mentioned above.
Genetic types of gallium enrichment in Permo-Carboniferous coals in China
The accumulation mechenism of gallium has been studied by many geologists. There are many geologic factors controlling the enrichment of elements in coal and black shale (Dai et al., 2006a (Dai et al., , 2006b Sun and Puettmann, 1997; . Ren et al., (1999) preliminary proposed five enrichment types of trace elements in coals of China: (1) source rock controlled type; (2) sedimentation-organism controlled type; (3) magma hydrothermalism controlled type; (4) deep-and-large fault-hydrothermalism controlled type and (5) underground water controlled type. Zhou and Ren (1981) proposed that gallium in coals of Late Permian coalfields, Southwestern China, was from weathered crust under the coal seam and enriched in syn-sedimentary stage. Yi et al. (2007) considered that the sedimentary water medium with higher salinity, alkalinity and deoxidizing degree could be propitious to the relative accumulation of the gallium. Dai et al. (2006a Dai et al. ( , 2006b the main carrier of the high Ga in the coal of the Jungar Coalfield and boehmite is derived from the bauxite in the weathered crust of the underlying Benxi Formation in the north of the Ordos Basin during the peat accumulation. As to the Xingtai Coalfield, Lin et al., (1996) concluded that the Carboniferous peat accumulated under relatively anoxic conditions in a predominantly brackish-lagoon environment, and there were alumytes in weathered crust in the vicinity. Therefore, one reason may be that gallium in coals of Xingtai coalfields was from weathered crust under the coal seam and enriched in syn-sedimentary stage. Furthermore, Xingtai Coalfield is very close to Taihang Uplifts. Geologically, it occurs in the northern part of the Sino-Korean Craton (Lin and Jin, 2009; Sun et al., 2002; Sun, 2003; Sun et al., 2006) . In several geological periods, tectonic movements occurred and faults were formed in this area (Han and Yang, 1980; Han, 1996) . There are many faults and magma intrusions in Xingtai coalfield. Thus it may be inferred that the lowtemperature hydrothermal fluids and the magmatic hydrothermal inputs may play an important role in the concentration of gallium in Coal Seam 5 in Gequan Mine, Xingtai Coalfield.
In addition, the overlying stratum of the coal-bearing are the Upper Shihezi Formation and Lower Shihezi Formation, which contain very thick procelain clay. It is well known that gallium and aluminum usually show an inert geochemistry, and most of them may occur in residual sediments, and the concentration of gallium in procelain Ren (2006) clay is usually high (Dai et al., 2006a (Dai et al., , 2006b ). According to the data of 22 procelain clay samples (Table 4) , the average concentration of gallium is 33.2 µg·g -1 , which is much higher than the industrial grade (20µg·g -1 , National Committee on Mine Reserve, 1987) . Therefore, some gallium in the coals of Xingtai Coalfield may be derived from the procelain clay by the migration of groundwater. 
CONCLUSIONS
The estimated average gallium concentration in Chinese Permo-Carboniferous coals is 15.49 µg·g -1 and is higher than that ever reported, and is also much higher than those of most coal samples of abroad. These higher contents led to gallium enriching in some coal seams. 134 samples were found that their Ga contents are higher than 30µg·g -1 . However, only two coal-associated Ga deposits have been found. In most coalfields Ga enriched locally in coal seams and has no commercial value.
The concentration of gallium in Chinese Permo-Carboniferous coals maybe mainly occured in sedimentation stage from the alumytes in the weathered crust. The lowtemperature hydrothermal fluids, intermediate magmatic hydrothermal inputs and migration of the groundwater may be also the reasons for the enrichments of gallium in Chinese Permo-Carboniferous coals.
